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Role of tenascin C in lesion formation
in early peritoneal endometriosis
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Objective: To identify cytokines or extracellular matrix components that contribute to adhesion to, and invasion of, the peritoneum,
proximal to lesions in the early phase of endometriosis.
Design: Laboratory-based study.
Setting: University Hospital and Laboratory of Animal Science.
Patients and Animals: Five women with ovarian endometrioma, 138 wild-type (WT) C57BL/6N mice, and 48 Tenascin C (Tnc)
knockout (TncKO) mice.
Interventions: To establish a murine endometriosis model, 20 pieces of minced uterine tissue fragments from each horn were admin-
istered intraperitoneally to syngeneic mice. Three days later, endometriotic lesions and peritoneal tissues were collected. Separately, we
transfected human peritoneal mesothelial cells (HMrSV5) or human endometrial stromal cells (hESCs) with Tnc small interfering ribo-
nucleic acid.
Main Outcome Measures: We employed a polymerase chain reaction array to profile gene expression in the murine peritoneum, in
both peritoneum distal to lesions and peritoneum surrounding lesions (PSL). The expression of upregulated genes in the PSLwas verified
in the peritoneal samples by real-time reverse transcription-polymerase chain reaction. TncKO mice were used to investigate the role of
Tnc in the development of endometriosis. We evaluated the proliferative activity or inflammatory state of lesions by Ki67 or CD3
immunostaining. Intraperitoneal distribution of macrophages was assessed by fluorescence-activated cell sorting. Using Tnc small
interfering ribonucleic acid, we examined the invasive capacity of hESCs in a coculture system with HMrSV5.
Results: Tnc gene expression was significantly higher in PSL than in peritoneum distal to lesions. The weight and number of TncKO
lesions in TncKO hosts were lower than those of WT lesions in WT hosts. In contrast, the weight and number of nonattached TncKO
lesions in TncKO hosts were higher than those of nonattached WT lesions in WT hosts. We observed decreased Ki67-positive cells or
H-scores for CD3, a lower proportion of M1 macrophages, and a higher proportion of M2 macrophages in TncKO lesions in TncKO
recipients. Silencing of Tnc expression in hESCs and HMrSV5 diminished the invasivity of hESCs.
Conclusion: Tnc may be a crucial factor in the development of early peritoneal endometriosis. (Fertil Steril Sci� 2023;-:-–-.
�2023 by American Society for Reproductive Medicine.)
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E ndometriosis, defined as the
presence of endometrium-like
tissue outside the uterus, is a sig-

nificant gynecological disease resulting
in dysmenorrhea, chronic pain, dyspar-
eunia, and infertility (1). Endometriosis
is hypothesized to reflect retrograde
menstruation. Although approximately
90% of females experience retrograde
menstruation, only 10% would develop
endometriosis. The mechanisms under-
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lying these observations remain poorly
understood. The initial stage of lesion
formation is thought to require the
adherence of endometrial cells to the
peritoneum. The combination of the
factors of inflammation, hormonal
environment, and immune system is
well known to exacerbate endometri-
osis. The early developmental stages
of endometriosis are most likely related
to the immune system (2). Although
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accumulating data have served to
clarify the mechanism of endometri-
osis, the precise pathophysiology of
early endometriosis has not been fully
elucidated. We hypothesized that mo-
lecular alterations in the peritoneum
are involved in developing peritoneal
endometriosis.

This disease shares some character-
istics with cancer, given that endome-
trial cells may invade adjacent organs
and even spread to distant organs.
Nevertheless, the mechanism of such
invasion and the metastatic processes
remain poorly understood. One hy-
pothesis—the ‘‘seed and soil theory’’—
suggests that some tumor cells grow
preferentially in the microenvironment
of selected organs (3). According to this
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theory, the formation of endometriotic lesions depends on
endometrial cells (seed) and peritoneal tissue (soil).

Regarding ovarian cancer, degradation and production
of the extracellular matrix (ECM) are known to contribute
to early events of metastasis (4). Previous literature concern-
ing the etiology of endometriosis has shown that collagen
types I and IV, tenascin C (Tnc), fibronectin, and laminin
are all present in the peritoneal ECM; each of these compo-
nents may serve as a potential binding site for the endome-
trial cells (5). The ECM elements are known to promote
subsequent fibrinolysis, coagulation, and the mobilization
of immune cells. Pathological accumulation of ECM is the
foundation for tissue structure, facilitating interactions
with the milieu and controlling cell adhesion and invasion.
Furthermore, peritoneal mesothelial cells secrete numerous
proinflammatory cytokines and growth factors in cell devel-
opment (6, 7).

To date, several investigators have assessed the charac-
teristics of endometriotic lesions and eutopic endometrial
tissue in the pathogenesis of endometriosis. Despite the gen-
eral acceptance of the retrograde implantation theory of
endometriosis, the possible interaction mechanism between
endometrial cells and peritoneal tissues has yet to be proven.
To our knowledge, few studies have focused on the role of
peritoneal tissues in the early onset of endometriosis
(5, 8, 9). In the present study, we aimed to identify the
crucial factor(s) expressed in the peritoneal tissues proximal
to murine endometriotic lesions using a polymerase chain
reaction (PCR) array of genes encoding ECM components
and adhesion molecules. Notably, the peritoneum proximal
to endometriotic foci exhibited strong expression of tenascin
C–encoding messenger ribonucleic acids (mRNAs) (Tnc) dur-
ing the early phase of endometriosis. Tnc may be involved in
embryonic development, cancer tissues, and tissue repair at
sites of inflammation. Tnc has been shown to contribute to
cell differentiation, proliferation, and migration (10). On the
basis of these results, we developed an in vivo murine endo-
metriosis model using Tnc gene–deficient mice and an
in vitro model employing coculture of human endometrial
and peritoneal cells.
MATERIALS AND METHODS
Animal Care and Treatment

The animal experimental protocols used in this study were
approved by the Institutional Animal Care and Use Commit-
tee of the Tottori University Faculty of Medicine (approval
number, 20-Y-24). All experiments involving animals
described in this manuscript were shown to be ethically
acceptable and, where relevant, conform to appropriate na-
tional animal usage guidelines. The processes for developing
the endometriosis model mice were previously established at
the animal facility of the Tottori University Faculty of Med-
icine (11–14).

Mature female C57BL/6N mice were obtained from CLEA
Japan (Tokyo, Japan) as 7-week-old animals. All mice were
ovariectomized, and estradiol valerate (0.4 mg/mouse/wk;
Fuji Pharma, Tokyo, Japan) in corn oil was injected subcuta-
neously. The donor mice (n ¼ 30) were then euthanized by
2

cervical dislocation, and the uteri were harvested at necropsy.
Twenty pieces of minced uterine tissue fragments (<1 mm3

each) from each horn were suspended in 300 mL of sterile sa-
line and administered by injection into the peritoneal cavities
of recipient mice (n¼ 60) (i.e., 1:2 ratio of the donor uterus to
recipient). The recipient mice were subjected to necropsy 3
days after uterine transplantation (day 3). Specifically, we
collected the normal peritoneum distal to lesions (PDL) and
the peritoneum surrounding lesions (PSL), which we defined
as peritoneal tissues proximal (within a 2-mm diameter) to
the lesion. Sham mice received the same procedure to collect
the peritoneum (PS) as experimental mice but were injected
with saline alone. The tissue samples were weighed,
measured, and photographed. Histologic assessment of le-
sions at days 1, 3, and 5 indicated that lesions at day 3 ex-
hibited attachment, implantation, and growth representative
of early-stage endometriosis (data not shown), consistent
with the findings of Burns et al. (2). Therefore, day 3 was
selected for subsequent evaluation of lesions. For this exper-
iment, nonattached lesions were defined as cells that were
floating in the peritoneal cavity or lesions that were flushed
easily.
Construction of Tenascin C–Deficient Mice and
Their Use in the Murine Endometriosis Models

The cryopreserved spermatozoa of the Tnc knockout (TncKO)
mouse (B6.Cg-Tnc<tm1Sia>/Rbrc: BioResource Research
Center [BRC] No. RBRC00169) were obtained from The
RIKEN BRC through the National BioResource Project of
MEXT/AMED (Ibaraki, Japan) (15–18). The cryopreserved
spermatozoa were subjected to in vitro fertilization (IVF)
with oocytes collected from C57BL/6N female mice
purchased from CLEA Japan. The genotypes of the
offspring from this first IVF were all heterozygous because
the genotypes of the cryopreserved sperm and oocytes
used for IVF were homozygous and wild-type (WT), respec-
tively. The heterozygous males and females obtained from
the first IVF were subjected to a second IVF to obtain homo-
zygous mice. In addition, homozygous males and heterozy-
gous females obtained in the second IVF were subjected to
the third IVF to obtain more homozygous female mice.
Consequently, homozygous (Tnc�/�) females obtained from
the second and third IVF were used to generate an endome-
triosis model (Supplemental Fig. 1, available online). The
status of the Tnc gene in the resulting animals was deter-
mined by PCR analysis of genomic deoxyribonucleic acid
(DNA), permitting the identification of Tnc-null mutant
mice (Tnc�/�) for use in subsequent experiments. C57BL/
6N mice purchased from CLEA Japan were used as WT an-
imals because WT mice obtained in the second IVF were not
used because of the insufficient numbers for experiments.
All mice (n ¼ 48) were ovariectomized and injected subcu-
taneously with estradiol valerate, as described earlier.
Groups were designated on the basis of the donor to recip-
ient genotypes (respectively), as follows: WT to WT; WT to
TncKO; TncKO to WT; and TncKO to TncKO. The mouse
endometriosis model was generated as described previously
(11–13, 19). The recipient mice were subjected to necropsy
VOL. - NO. - / - 2023
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and collection of peritoneal tissues, peritoneal fluid, and
early endometriotic lesions on day 3.
PCR Array and Real-Time Reverse Transcription
PCR

Total ribonucleic acid (RNA) was extracted from PSL and
PDL samples using the RNeasy Fibrous Tissue Mini Kit (Qia-
gen, Tokyo, Japan). The RNA (1 mg) from the peritoneal tis-
sues was subjected to reverse transcription (RT) into
complementary DNA (cDNA) using the PrimeScript II 1st

strand cDNA Synthesis Kit (Takara, Shiga, Japan). The target
mRNA levels were quantified using the ViiA 7 real-time PCR
system (Applied Biosystems, Inc., Tokyo, Japan). The result-
ing tissue cDNA samples (PSL, n ¼ 3; PDL, n ¼ 3) were
analyzed using the RT2 Profiler PCR Array Mouse Extracel-
lular Matrix and Adhesion Molecules Kit (Qiagen); this kit
permits quantification of the transcript levels of 84 genes
encoding transmembrane proteins and proteins known to
be involved in cell-cell and cell-matrix adhesions. The fold
change was calculated using Qiagen’s online website anal-
ysis tools.

TaqMan probes (Applied Biosystems, Inc.) for each gene
were used in the real-time RT-PCR analysis. Peritoneal sam-
ples were collected on day 3 after the transplantation of uter-
ine tissues (PS, n¼ 20; PSL, n¼ 20; PDL, n¼ 20). Expression
of genes encoding the following ECM and adhesion factors
was evaluated: integrin a2 (Itga2); integrin ax (Itgax); matrix
metallopeptidase 10 (Mmp10); matrix metallopeptidase 14
(Mmp14); selectin-endothelial type (Sele); selectin-platelet
type (Selp); Tnc; and versican (Vcan). Expression was normal-
ized to the expression of the gene encoding glyceraldehyde-3-
FIGURE 1

Representative macroscopic and microscopic views of murine peritoneal tis
uterine tissues. Thewhite dotted line indicates an endometriotic lesion. The p
peritoneum surrounding lesions. In the hematoxylin-eosin–stained specime
tissue of the recipient animal, respectively.
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phosphate dehydrogenase (Gapdh) in the respective sample.
All samples were tested in triplicate, and each run included
no-template and no-RT controls.
Immunohistochemical Staining

Murine endometriotic lesions and PSL were fixed and
paraffin-embedded, sectioned at 5-mm thicknesses, and de-
paraffinized by sequential washing with xylene and a series
of ethanol solutions. Immunohistochemical staining was
performed as described previously (19). Staining was per-
formed using antibodies with specificity for Ki67 (prolifer-
ation marker; Abcam, Tokyo, Japan) and CD3 (T cell
marker; Abcam) as the primary antibodies. Murine spleen
tissues were used as a positive control. The negative control
reactions were performed by omitting the primary antibody.
The Ki67- or CD3-positive and Ki67- or CD3-negative
nuclei of epithelial and stromal cells were counted; the
mean proportion of positive cells was calculated across
three fields in a given section on each slide. A semiquanti-
tative analysis (H-score) for CD3 staining in the epithelium
and stroma of the lesions was performed, such that the cells
were scored on the basis of a 4-point scale of staining in-
tensity, as follows: 0, no staining; 1, weak; 2, medium;
and 3, strong. The H-score itself was determined using the
formula 1� (% of 1þ cells) þ 2� (% of 2þ cells) þ 3�
(% of 3þ cells). The resulting scores ranged from 0 to
300. Two investigators assessed staining independently;
the intraobserver and interobserver variabilities were 6%
and 10% for Ki67 and 10 and 16% for CD3, respectively.
For a given parameter, the mean of the scores obtained
by the two investigators was used.
sues and early endometriotic lesions on day 3 after transplantation of
eritoneal tissue proximal (within 2mm) to the lesionwas defined as the
n, the asterisk and arrow indicate an attached lesion and the peritoneal
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TABLE 1

Genes with significant changes in the expression levels in the
peritoneum proximal to or distal to lesions in the mouse
extracellular matrix and adhesion molecule array.

Gene name Fold change PSL/PDL on day 3

Cd44 4.40 (� 1.40)
Cdh1 0.19 (� 0.04)
Cdh2 3.60 (� 2.36)
Col2a1 0.19 (� 0.06)
Col3a1 3.03 (� 0.48)
Ctgf 3.72 (� 0.56)
Itga2 1.49 (� 0.48)
Itgae 3.19 (� 0.35)
Itgal 3.66 (� 0.71)
Itgax 9.87 (� 4.17)
Mmp10 1.58 (� 1.06)
Mmp14 2.21 (� 1.37)
Sele 4.49 (� 3.88)
Sell 4.23 (� 0.86)
Selp 1.83 (� 0.83)
Spp1 18.67 (� 6.07)
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Flow Cytometric Analysis

To collect the peritoneal lavage, the peritoneal cavity was
washed with 3 mL of phosphate-buffered saline containing
0.5% bovine serum albumin and 2-mM ethylenediaminete-
traacetic acid, the abdomen was massaged gently, and the
peritoneal lavage was collected. The anti-Ly-6C antibodies
(labeled with fluorescein isothiocyanate) were obtained
from BD Biosciences, Tokyo, Japan; the anti-F4/80 anti-
bodies (labeled with phycoerythrin) were obtained from In-
vitrogen (Tokyo, Japan). The cells were diluted with 5 mL
of fluorescence-activated cell sorting buffer (BD Biosci-
ences), and antibodies were added. Stained cells were
analyzed on a BD LSR Fortessa cell analyzer (BD Biosci-
ences). Total macrophages were isolated by gating for
SSC-Ahi and F4/80þ, and the resulting pool of total macro-
phages then was sorted by gating for M1 macrophages or
proinflammatory macrophages (F4/80med, Ly6C�) and M2
macrophages or resident anti-inflammatory macrophages
(F4/80hi, Ly6C�).
Thbs1 5.49 (� 2.20)
Timp1 15.30 (� 2.50)
Tnc 28.79 (� 15.37)
Vcan 4.13 (� 1.83)
Note: Data are presented as means (� standard errors of the mean) of 3 separate experi-
ments. These genes encoded proteins as follows: Cd44, CD44; Cdh1, cadherin 1; Cdh2, cad-
herin 2; Col2a1, collagen type IIa1; Col3a1, collagen type IIIa1; Ctgf, connective tissue
growth factor; Itga2, integrin a2; Itgae, integrin aE; Itgal, integrin aL; Itgax, integrin aX;
Mmp10, matrix metallopeptidase 10; Mmp14, matrix metallopeptidase 14; Sele, selectin,
endothelial cell; Sell, selectin, lymphocyte; Selp, selectin, platelet; Spp1, secreted phospho-
protein 1; Thbs1, thrombospondin 1; Timp1, tissue inhibitor of metalloproteinase 1; Tnc, te-
nascin C; and Vcan, versican. The ‘‘Fold change’’ was the ratio of the messenger ribonucleic
acid expression level in the PSL compared with that in the PDL. PDL ¼ peritoneum distal to
lesions; PSL ¼ peritoneum surrounding lesions.

Moriyama. Role of tenascin C in early peritoneal endometriosis. Fertil Steril Sci 2023.
Invasion Assay in the Coculture System Using
Human Endometrial and Peritoneal Cells

The experimental protocol for this project was approved by
the Institutional Review Boards of the Tottori University Fac-
ulty of Medicine (approval number, 20A205), and informed
consent was obtained from each patient. Endometrial tissues
in the proliferative phase were collected by endometrial curet-
tage at the time of laparoscopic surgery for endometriosis at
the Tottori University Hospital. None of the patients had
received hormonal therapy in the 3months preceding surgery,
and all reported having regular menstrual cycles. Human
endometrial stromal cells (hESCs) were isolated from the
endometrial tissues according to the previously described pro-
tocols (11, 12). The hESCs were propagated as a monolayer
culture; the cells used for this study corresponded to cells ob-
tained after the third passage. The hESCs were cultured in
Dulbecco’s Modified Eagle Medium supplemented with 10%
fetal bovine serum, 100 IU/mL of penicillin G, and 100 mg/
mL of streptomycin; cells were grown at 37�C in a 5% carbon
dioxide environment. The human peritoneal mesothelial cell
line, HMrSV5 (20), was kindly provided by Dr. PM Ronco
(Pierre and Marie Curie University, Paris, France); this line
was propagated under the same conditions as those used for
the hESCs.

Tnc or control small interfering RNA (siRNA) was trans-
fected into HMrSV5 cells and hESCs using ScreenFect
siRNA (Fujifilm, Osaka, Japan). Assays were conducted us-
ing Matrigel Invasion Chambers (Corning, NY). Two days
after siRNA transfection, HMrSV5 cells were inoculated
into the lower chamber of the system using the culture me-
dium indicated earlier. Then, hESCs (2.0 � 104 per chamber)
were seeded into the upper Matrigel Transwell insert or the
insert lacking Matrigel with serum-free Dulbecco’s Modi-
fied Eagle Medium and cocultured for 17 hours. After incu-
bation, the membranes were stained with Diff-Quik
(Sysmex, Hyogo, Japan), and the number of cells appearing
4

on the undersurface of the membranes was counted in three
fields at a magnification of �200. The proportions of inva-
sive cells (%) were calculated as the number of cells that
invaded the Matrigel divided by the number of cells that
migrated to the normal membranes � 100. Two investiga-
tors counted the number of cells independently and calcu-
lated the proportions of invasive cells; the intraobserver
and interobserver variabilities were 5% and 9%, respec-
tively. The mean of the scores obtained by the investigators
was used.
Statistical Analysis

After confirming normality and equal variance using the
Kolmogorov-Smirnov and Bartlett tests, multiple compari-
sons were performed using one-way analysis of variance
with the post hoc Tukey tests (for parametric data) or using
the Kruskal-Wallis test with the post hoc Steel-Dwass tests
(for nonparametric data). All comparisons were run as two-
tailed tests. A P value of < .05 was considered statistically
significant. Data are presented as the means and SEMs. All
statistical analyses were performed using the EZR software
package (version 1.61; Jichi Medical University SaitamaMed-
ical Center, Saitama, Japan).
VOL. - NO. - / - 2023
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Real-time reverse transcription-polymerase chain reaction was used to examine the expression of mouse genes encoding extracellular matrix and
adhesion-associated proteins. We collected the samples on day 3 after the transplantation of uterine tissues. Data are presented as means� SEMs
(n¼ 60). All experiments were repeated a minimum of three times. The mean not sharing a letter significantly differed (P<.05). PDL¼ peritoneum
distal to lesions; PS ¼ sham peritoneum, peritoneum without injection of uterine fragments; PSL ¼ peritoneum surrounding lesions.
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RESULTS
Expression of the ECM- and Adhesion Molecule-
Encoding Genes in the Murine Peritoneum

On day 3 after initiation of disease by tissue implantation in
mice, we observed peritoneal lesions that exhibited macro-
scopic and microscopic characteristics consistent with murine
endometriosis (Fig. 1). To elucidate the molecular basis
whereby early-phase endometriotic tissues became connected
to the peritoneum, gene expression profiling of the day 3 peri-
toneal tissues was performed using a PCR array to detect tran-
scripts encoding ECM and adhesion molecules. For this
analysis, the cDNAs isolated from the peritoneal tissues of
four mice were pooled into a single sample. An increased
expression level was defined using a cutoff value of 1.5-
fold change in PSL or PDL. Several genes, such as Tnc, versi-
can (Vcan), selectin-platelet type (Selp), integrin aX (Itgax),
and secreted phosphoprotein (Spp1) demonstrated increased
expression levels in PSL compared with those in PDL; in
contrast, the levels of transcripts encoding cadherin 1
(Cdh1) and collagen type II alpha1 (Col2a1) were lower in
PSL than in PDL. The levels of the transcripts encoding Tnc,
Vcan, and Selp expression differed between PSL (Ct < 30)
and PDL (Ct > 30) (Table 1). Next, we assessed the expression
of selected genes using quantitative RT-PCR. Specifically, we
analyzed the Itgax, selectin-endothelial cell type (Sele), Selp,
VOL. - NO. - / - 2023
matrix metallopeptidase 10 (Mmp10), Tnc, and Vcan tran-
scripts as representative highly expressed genes identified
via the PCR array. The RT-PCR analysis verified that these
transcripts accumulated to higher levels in PSL than in PDL
on day 3. The Tnc expression in PSL increased significantly
(approximately 7.5-fold compared with that in PS or PDL)
among these genes (Fig. 2).

Evaluation of Endometriotic Lesions Using
Tenascin C–Deficient Mice

To address the role of Tnc in endometriosis, we established a
syngeneic murine endometriosis model in Tnc gene–deficient
mice. We used WT and TncKO mice in four donor-recipient
combinations: WT-WT; WT-TncKO; TncKO-WT; and
TncKO-TncKO. For all combinations, endometriotic lesions
were observed in the peritoneal cavity, where the donor tis-
sues were observed to adhere primarily to the peritoneal
wall and to fat tissues, and adjacent to the bladder. We next
assessed the weight and number of endometriotic lesions in
each mouse. The attached lesions in TncKO-TncKO were sta-
tistically significantly (P< .05) lower in weight and fewer in
number than those in WT-WT (weight, 8.0 vs. 33.2 mg,
respectively; number, 4.0 vs. 12.0) (Fig. 3A and B). In the com-
parison of WT-WT with WT-TncKO, as well as that of TncKO-
WT with TncKO-TncKO, the weights and numbers of the
5



FIGURE 3
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Comparison of murine endometriotic lesions in the four groups on day 3. The assessed parameters included the total lesion weight (A), number of
attached lesions (B), and number of nonattached lesions (C). Wild-type (WT) and Tenascin C (Tnc) knockout (KO; TncKO) mice were used as donors
or recipients, with groups annotated in the form of A to B (donor to recipient). Data are presented as means � SEMs (each group, n ¼ 16). The
means not sharing a letter significantly differed (P<.05).
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attached lesions were significantly smaller in the second
member of each comparison (WT-TncKO and TncKO-
TncKO) than in the respective comparator (P< .05) (Fig. 3A
and B), suggesting that Tnc expression in the peritoneum is
crucial to the attachment of endometrial foci to the perito-
neum. In contrast, a statistically significantly (P< .05) larger
number of nonattached lesions (observed floating with the
peritoneal cavity) were detected in TncKO-TncKO than in
WT-WT (10.0 vs. 1.5, respectively) (Fig. 3C).

We next investigated potential differences between the
four donor-recipient combinations in proliferative activity
and inflammatory reaction. Specifically, we assessed prolifer-
ation and T cell aggregation by immunofluorescent staining
for Ki67 or CD3 antigens (Fig. 4A). The positive rates of
Ki67 staining, as well as the H-scores for CD3 staining, in
epithelial and stromal cells of endometriotic lesions in
TncKO-TncKO were significantly smaller than those in WT-
WT. For Ki67, the staining value (mean � SEMs) in epithelial
6

tissue was 17.1% � 1.4% in WT-WT vs. 5.5% � 1.2% in
TncKO-TncKO (P< .05), whereas that in stromal tissue was
4.3% � 0.4% vs. 1.0% � 0.1% (P< .05), respectively. For
CD3, the staining value in epithelial tissue was 17.3% �
2.4% in WT-WT vs. 9.3% � 2.2% in WT-TncKO (P¼ .11)
and vs. 3.0% � 0.4% in TncKO-TncKO (P< .05), whereas
that in stromal tissue was 12.3% � 0.4% in WT-WT vs.
5.0% � 1.0% in WT-TncKO (P< .05) and vs. 3.0% � 0.6 in
TncKO-TncKO (P< .05) (Fig. 4B and C).
Distribution of Intraperitoneal Macrophages in
Tenascin C–Deficient Mice

We examined differences in the distribution of macrophages
in the peritoneal lavage of the various implantation groups.
The expression markers F4/80 and Ly6C were used to distin-
guish M1 and M2 macrophages (Fig. 5A). When TncKO mice
were used as donors or recipients, the proportion of M1
VOL. - NO. - / - 2023



FIGURE 4

A
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C

Immunohistochemical analysis of Ki67 and CD3 expression in early endometriotic lesions in the four groups. (A) Tissues stained with antibodies
against Ki67 or CD3. (B) The proportions of Ki67-positive cells and (C) H-scores for CD3 staining in the epithelia and stroma of the lesions. Data
are presented as means � SEMs (each group, n ¼ 6). The means not sharing a letter significantly differed (P<.05). NC ¼ negative control;
PC ¼ positive control; KO ¼ knockout; WT ¼ wild-type.
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macrophages decreased, and that of M2 macrophages
increased. Specifically, the proportion of M1 cells was
58.3% � 3.65% in WT-WT vs. 37.5% � 3.35% in TncKO-
TncKO (P< .05). Furthermore, the proportion of M2 cells
was 29.8% � 3.10% in WT-WT vs. 49.5% � 3.78% in
TncKO-TncKO (P< .05) (Fig. 5B).
Silencing of Tenascin Expression Has a Negative
Impact on Invasivity

Next, we performed coculture experiments using Matrigel
chambers to assess the effect of Tnc deficiency on the invasiv-
ity of hESCs. First, we confirmed that transfection of Tnc-
siRNA into HMrSV5 or hESCs reduced the level of Tnc
mRNA by>90% (data not shown). Compared with control co-
cultures (transfected with the control siRNA), cocultures in
which Tnc expression was silenced in both HMrSV5 and
hESCs exhibited a statistically significant (P< .05) decrease
VOL. - NO. - / - 2023
of approximately 15% in the proportion of invasive hESCs
(102% � 2.3% vs. 84% � 5.3%, respectively) (Fig. 6).
DISCUSSION
Endometriosis is challenging to treat. The disease resembles a
malignant disease, given the involvement of cell migration,
invasion, and proliferation. Although researchers have at-
tempted to understand the origin of this disease and its path-
ological causes, the etiology of endometriosis remains
controversial. The main goal of the present study was to iden-
tify ECM and adhesion molecules that are essential to the
onset of endometriosis. When the refluxed endometrium
initially binds to the pelvic cavity, the tissue attaches to the
ECM, leading to the expression of TncmRNA in the peritoneal
base membrane. Our examination of the connection between
the endometrial fragments and peritoneum was expected to
clarify the mechanism of endometriotic lesion formation.
7



FIGURE 5
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Our data showed that the Tnc transcript accumulates in the
murine peritoneum proximal to lesions during the early
stages of endometriosis; the use of Tnc-deficient recipient
mice resulted in attenuation of the attachment of ectopic uter-
ine tissue to the peritoneum. In addition, we assessed the
intraperitoneal environment in our mouse model of endome-
triosis using flow cytometric analysis to examine the distribu-
tion of macrophages in the peritoneal lavage (Fig. 5). We
confirmed these results by showing that silencing of Tnc in
a human peritoneal cell line (HMrSV5) and hESCs decreased
the invasivity of hESCs in an in vitro coculture model. On
the basis of these data, we infer that Tnc plays a crucial role
in regulating attachment and invasion by hESCs.

Because endometriosis is observed only in humans and a
subset of primates (e.g., monkeys) and a limited number of
experimental models are available, research on early-stage
endometriotic lesions has remained challenging to perform.
Given the expense of conducting endometriosis research in
primates, murine models have been developed to investigate
the pathophysiology and efficacy of treatments for this dis-
ease. Endometriotic lesions do not occur spontaneously in
8

mice, presumably reflecting their closed reproductive organs.
However, we have successfully created a murine endometri-
osis model using the transplantation of donor uterine tissue
into the peritoneum of recipient mice (11–14, 19). Although
several experiments have been performed using
endometriotic lesions, to our knowledge, no previous study
has focused on the difference between the peritoneum
proximal to the lesion and the normal peritoneum. For our
coculture experiments, we chose to use hESCs to assess cell
invasion; this decision was based on the work of Witz et al.
(21), who verified that hESCs attach and invade the
mesothelial surface of the peritoneum, subsequently
growing into endometriotic lesions. This and other studies
demonstrate that the peritoneum plays a vital role in the
initial step of lesion formation.

In general, Tnc is expressed in the nervous, muscular, and
vascular systems during embryonic development; in adults,
this protein is expressed in cancer tissues and during tissue
repair at sites of inflammation. Tnc is a large, hexameric
ECMglycoprotein and has been shown to contribute to cell dif-
ferentiation, proliferation, and migration (10). Tnc may also
VOL. - NO. - / - 2023



FIGURE 6
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serve as a soluble factor, not only in peritoneal tissue but also in
blood vessels and ascites fluid (22–24). We have observed
intense Tnc expression in the stroma of the murine uterus
(25). In humans, an increased tenascin expression level is
observed in the stroma of the functionalis of the
endometrium during the proliferative phase (26). Another
laboratory reported that Tnc is expressed at higher levels in
the proliferative endometrium than in the secretory
endometrium; the most potent expression is detected in
endometriotic implants (27). Those investigators also showed
that exposure to exogenous estradiol resulted in the
accumulation of Tnc protein in hESCs (27).

We used a PCR array to analyze the expression, in the peri-
toneal tissues surrounding the lesions, of genes encoding other
ECM factors (Table 1 and Fig. 2). We observed changes inVcan
expression, consistent with a previous study showing that
Vcan is more strongly expressed in the peritoneal tissues
derived from women with endometriosis than in women
without endometriosis, and hyaluronan and CD44-mediated
versican-induced attachment of hESCs to the peritoneum (8).
We also observed changes in the expression of the genes en-
coding several integrins, a class of proteins implicated in the
pathogenesis of endometriosis (28, 29). For instance, integrin
alpha X acts as a fibrinogen receptor and mediates cell-cell
interaction during inflammatory responses (e.g., macrophage
attachment). In another study, Guo et al. (30) demonstrated
that a deficiency of Selp impeded the development of endome-
triosis in a murine model; those investigators suggested that
targeting of Selp-mediated adhesion of platelets to endometri-
otic lesions is of use in treating endometriosis.

In our coculture system, Tnc gene silencing in both
HMrSV5 and hESCs resulted in decreased invasivity of hESCs
VOL. - NO. - / - 2023
(Fig. 6), suggesting that Tnc facilitates attachment and inva-
sion in the early phase of endometriosis. Notably, this exper-
iment showed that Tnc should perform this function by acting
as a soluble factor, given the use of growth chambers that
separate physically the cocultured cells. These results imply
that Tnc controls inflammatory status during the early stages
of the formation of endometriotic lesions.

This study has several limitations. First, our analysis was
confined to gene expression, histology, and immunohisto-
chemistry and lacked any molecular tests of the mechanism(s)
associated with Tnc’s function. In addition, we did not deter-
mine the localization of Tnc protein expression in the mouse
tissues. However, Tnc expression was evident in the perito-
neum and early-stage endometriotic lesions. TncKO mice
remain viable and can conceive without any apparent anom-
alies. Existing medical therapies for endometriosis aim to
decrease ovarian estrogen production and/or counteract the
effects of estrogen. Tnc may be an effective therapeutic target
for endometriosis patients who wish to avoid hormonal inhi-
bition or who still wish to conceive. Inhibition of Tnc expres-
sion or function may prevent the formation or progression of
initial endometriotic lesions in adolescents or young women
or the recurrence of this disease.
CONCLUSION
In conclusion, our findings implicate Tnc in the interaction
between the peritoneum and endometriotic lesions in the
early stages of endometriosis. Further studies will be
needed to elucidate the role of Tnc in cell adhesion and in-
vasion in the development of endometriotic lesions. Our
findings are expected to contribute to the identification
9
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of diagnostic markers and/or therapeutic agents for
endometriosis.
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F&S SCIENCE CLINICAL QUICK TAKE
Tenascin C contributes to the progression of endometriotic le-
sions in the early stages of endometriosis; the analysis of the
expression of this protein may facilitate the identification of
diagnostic markers and therapeutic agents for endometriosis.
Inhibition of tenascin C in the peritoneum and endometriotic
lesion may be effective for patients without hormonal inhibi-
tion, notably for patients with endometriosis who still wish to
conceive. Tenascin C could be a crucial target for endometri-
osis in adolescents or young women or to prevent the recur-
rence of this disease.
REFERENCES
1. Giudice LC, Kao LC. Endometriosis. Lancet 2004;364:1789–99.
2. Burns KA, Thomas SY, Hamilton KJ, Young SL, Cook DN, Korach KS. Early

endometriosis in females is directed by immune-mediated estrogen receptor
a and IL-6 cross-talk. Endocrinology 2018;159:103–18.

3. Paget S. The distribution of secondary growths in cancer of the breast. 1889.
Cancer Metastasis Rev 1989;8:98–101.

4. Ricciardelli C, Lokman NA, Ween MP, Oehler MK. Women in cancer the-
matic review: ovarian cancer-peritoneal cell interactions promote extracel-
lular matrix processing. Endocr Relat Cancer 2016;23:T155–68.

5. Nair AS, Nair HB, Lucidi RS, Kirchner AJ, Schenken RS, Tekmal RR,
et al. Modeling the early endometriotic lesion: mesothelium-
endometrial cell co-culture increases endometrial invasion and alters
mesothelial and endometrial gene transcription. Fertil Steril 2008;90:
1487–95.
10
6. diZerega GS, Campeau JD. Peritoneal repair and post-surgical adhesion for-
mation. Hum Reprod Update 2001;7:547–55.

7. Terri M, Trionfetti F, Montaldo C, Cordani M, Tripodi M, Lopez-Cabrera M,
et al. Mechanisms of peritoneal fibrosis: focus on immune cells-peritoneal
stroma interactions. Front Immunol 2021;12:607204.

8. Tani H, Sato Y, Ueda M, Miyazaki Y, Suginami K, Horie A, et al. Role of ver-
sican in the pathogenesis of peritoneal endometriosis. J Clin Endocrinol
Metab 2016;101:4349–56.

9. Demir AY, Groothuis PG, Nap AW, Punyadeera C, de Goeij AF, Evers JL, et al.
Menstrual effluent induces epithelial-mesenchymal transitions in mesothe-
lial cells. Hum Reprod 2004;19:21–9.

10. Chiquet-Ehrismann R, Chiquet M. Tenascins: regulation and putative func-
tions during pathological stress. J Pathol 2003;200:488–99.

11. Uegaki T, Taniguchi F, Nakamura K, Osaki M, Okada F, Yamamoto O, et al.
Inhibitor of apoptosis proteins (IAPs) may be effective therapeutic targets for
treating endometriosis. Hum Reprod 2015;30:149–58.

12. Takai E, Taniguchi F, Nakamura K, Uegaki T, Iwabe T, Harada T. Parthenolide
reduces cell proliferation and prostaglandin E2 [corrected] in human endo-
metriotic stromal cells and inhibits development of endometriosis in the mu-
rine model. Fertil Steril 2013;100:1170–8.

13. Nagira K, Taniguchi F, Nakamura K, Tokita Y, Tsuchiya N, Khine YM, et al.
Tokishakuyakusan, a Kampo medicine, attenuates endometriosis-like le-
sions and hyperalgesia in murine with endometriosis-like symptoms. Am J
Reprod Immunol 2019;82:e13182.

14. Wibisono H, Nakamura K, Taniguchi F, Seno M, Morimoto K, Yoshimura Y,
et al. Tracing location by applying Emerald luciferase in an early phase ofmu-
rine endometriotic lesion formation. Exp Anim 2022;71:184–92.

15. Nakao N, Hiraiwa N, Yoshiki A, Ike F, Kusakabe M. Tenascin-C promotes
healing of Habu-snake venom-induced glomerulonephritis: studies in
knockout congenic mice and in culture. Am J Pathol 1998;152:1237–45.

16. Koyama Y, Kusubata M, Yoshiki A, Hiraiwa N, Ohashi T, Irie S, et al. Effect of
tenascin-C deficiency on chemically induced dermatitis in themouse. J Invest
Dermatol 1998;111:930–5.

17. Matsuda A, Yoshiki A, Tagawa Y, Matsuda H, Kusakabe M. Corneal wound
healing in tenascin knockout mouse. Invest Ophthalmol Vis Sci 1999;40:
1071–80.

18. Saga Y, Yagi T, Ikawa Y, Sakakura T, Aizawa S. Mice develop normally
without tenascin. Genes Dev 1992;6:1821–31.

19. Khine YM, Taniguchi F, Nagira K, Nakamura K, Ohbayashi T, Osaki M, et al.
New insights into the efficacy of SR-16234, a selective estrogen receptor
modulator, on the growth of murine endometriosis-like lesions. Am J
Reprod Immunol 2018;80:e13023.

20. Rougier JP, Moullier P, Piedagnel R, Ronco PM. Hyperosmolality suppresses
but TGF beta 1 increases MMP9 in human peritoneal mesothelial cells. Kid-
ney Int 1997;51:337–47.

21. Witz CA, Monotoya-Rodriguez IA, Schenken RS. Whole explants of perito-
neum and endometrium: a novel model of the early endometriosis lesion.
Fertil Steril 1999;71:56–60.

22. Yamanaka M, Taga M, Minaguchi H. Immunohistological localization of te-
nascin in the human endometrium. Gynecol Obstet Invest 1996;41:247–52.

23. Huang W, Chiquet-Ehrismann R, Moyano JV, Garcia-Pardo A, Orend G.
Interference of tenascin-C with syndecan-4 binding to fibronectin blocks
cell adhesion and stimulates tumor cell proliferation. Cancer Res 2001;61:
8586–94.

24. Hapke S, Kessler H, Luber B, Benge A, Hutzler P, Hofler H, et al. Ovarian can-
cer cell proliferation and motility is induced by engagement of integrin al-
pha(v)beta3/Vitronectin interaction. Biol Chem 2003;384:1073–83.

25. Michie HJ, Head JR. Tenascin in pregnant and non-pregnant rat uterus:
unique spatio-temporal expression during decidualization. Biol Reprod
1994;50:1277–86.

26. Harrington DJ, Lessey BA, Rai V, Bergqvist A, Kennedy S, Manek S, et al. Te-
nascin is differentially expressed in endometrium and endometriosis. J Pathol
1999;187:242–8.

27. Tan O, Ornek T, Seval Y, Sati L, Arici A. Tenascin is highly expressed in endome-
triosis and its expression is upregulated by estrogen. Fertil Steril 2008;89:1082–9.

28. Uimari O, Rahmioglu N, Nyholt DR, Vincent K, Missmer SA, Becker C, et al.
Genome-wide genetic analyses highlight mitogen-activated protein kinase
VOL. - NO. - / - 2023



Fertil Steril Sci®
(MAPK) signaling in the pathogenesis of endometriosis. Hum Reprod 2017;
32:780–93.

29. Joshi NR, Kohan-Ghadr HR, Roqueiro DS, Yoo JY, Fru K, Hestermann E, et al.
Genetic and epigenetic changes in the eutopic endometrium ofwomenwith
VOL. - NO. - / - 2023
endometriosis: association with decreased endometrial avb3 integrin
expression. Mol Hum Reprod 2021;27:gaab018.

30. Guo SW, Ding D, Geng JG,Wang L, Liu X. P-selectin as a potential therapeu-
tic target for endometriosis. Fertil Steril 2015;103:990–1000.e8.
11


